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1,4-polybutadiene (PB) of varying molecular weight, M, and varying polydispersity (obtained by mixing
monodisperse PB) was characterized. As is well-known, some rheological properties are affected by both
molecular-weight and polydispersity; however, others show a dependence on M, but not on molecular
weight distribution (MWD). We ﬁnd that the viscosity at constant weight-average M can be accurately
accounted for from the ratio of the z- and weight average molecular weights. For M for which the steadystate recoverable compliance, Js, becomes invariant, no effect of polydispersity on Js was observed; this
observation is contrary to the limited available literature.
Gelation of the PB was also studied. In accord with previous work, the reaction time for network
formation and the degree of crosslinking at the gel point both decrease signiﬁcantly with increasing
MWD. The only reliable measure of the gel point for polydisperse samples was from extrapolation of the
soluble fraction of networks obtained for various states of cure. Different expressions describing the
incipient network of crosslinking polymers were evaluated; these relations were found to be in quantitative mutual accord.
Published by Elsevier Ltd.
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1. Introduction
Many properties of polymers are generic, reﬂecting primarily
the large, asymmetric shape of the chain molecules rather than
their chemical structure. These properties are often a function of
the chain length, so that experimental studies are facilitated by
using polymers with monodisperse molecular weights. However,
obtaining a narrow molecular weight distribution (MWD) is not
always feasible, and so account must be taken of the polydispersity.
Moreover, the effect of MWD can depend on the molecular weight,
in particular the contribution of chains longer that some
“threshold” molecular weight [1e5].
Properties such as the glass transition temperature and fragility
[6e8] and for rubbery networks the modulus and strength [9e11]
depend inversely on the concentration of chain ends, and thus
are determined primarily by the number average molecular weight,
Mn. Similarly, the network strands terminating in a free end are
elastically ineffective, and thus Mn affects mechanical energy
dissipation (hysteresis) [12e14]. For such Mn-dependent properties
the effect of MWD is negligible; moreover, at sufﬁciently high
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molecular weight the concentration of chain ends becomes so low
that molecular weight effects for such properties generally become
negligible [15].
Molecular weight is paramount for the rheological properties of
polymers. The viscosity, h, varies nonlinearly with the weight
average molecular weight, Mw, but also increases (albeit weakly)
with polydispersity at ﬁxed Mw [16,17]. The non-Newtonian ﬂow
behavior (e.g., shear-thinning) is inﬂuenced by both the molecular
weight and its distribution. Elastic properties, such as the recoverable compliance and extrudate swell, generally depend on higher
moments of the average molecular weight [18], although the relationships are complex [16]. There have been many investigations
of the role of MWD on the rheology of polymers [19e23]. Both
theoretical [24e26] and experimental [27e33] works have
employed binary blends of monodisperse components in these
studies. The dynamics of miscible polymer blends, while more
complicated than broad MWD polymers, entail similar issues
[34,35]. Analytical and numerical methods have been proposed to
extract the MWD from mechanical data [36e41]; these methods
are necessarily based on some model. Interpretation of the effect of
long-chain branching often requires deconvolution of the effects of
MWD, which has led to efforts to understand the latter [42e46].
Since at the gel point the number of crosslinks per chain is independent of chain length [47,48], the naïve expectation is that Mn
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controls gelation. However, the structure of the precursor chains,
including their MWD, affects network formation [49e53], and
many experiments have been conducted to probe polymers in the
vicinity of the gel point, including the distribution of cluster masses
[54] and the dynamic mechanical response [55e62].
In this work we examine the inﬂuence of MWD on the rheology
and network formation in 1,4-polybutadienes (PB) that were either
monodisperse or mixtures thereof. Molecular weight is deﬁned by
various averages
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When broadened MWD are achieved by blending, the numberand weight-average molecular weights are given by summation
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b is the number of chains of length M, and i ¼ 0, 1, and 2 for
where n
the number-, weight-, and z-averages, respectfully. MWD usually
refers to the ratio Mw/Mn. This polydispersity parameter is useful
for conventional polymers having a range of chain lengths
smoothly distributed about the mean, but the details of the distribution may be important. For polymer samples having a low
concentration of a high molecular weight component, an alternative measure of MWD is the polydispersity index [63].

PDI ¼

Table 1
1,4-polybutadiene samples.

wi

i

(3)

i

where wi is the mass fraction of the ith component. Higher order
b ðMÞ data obtained on the preaverages can be calculated from n
cursor materials by size-exclusion chromatography (SEC).

b

Number of monodisperse polymers comprising the sample.
kg/mol.

and plate geometry with either a TA Instruments ARES (25 mm
diameter; 0.04 rad cone angle) or an Anton-Paar 702 (50 mm,
0.035 rad).
3. Results
3.1. Rheology
As seen in representative SEC data in Fig. 1, the PB samples
prepared by blending monodisperse polymers have multi-modal
MWD, rather than a uniform distribution of chain lengths. For
this reason polydisperse is the appropriate term, rather than broad
MWD. It has been shown for a number of polymers that a plot of the
loss tangent versus dynamic modulus (so-called “van Gurp plots”
[66]) can be used to distinguish narrow and broad MWD
[43,67e69]. The dynamic mechanical data for the PB having the
same Mw ¼ 95 kg/mol and various polydispersities are plotted in
the van Gurp form in Fig. 2. At low frequencies (lower values of G*)
there is a minimum in the loss tangent corresponding to the region
of the spectrum with minimal contributions from the terminal and
local segmental relaxation modes. The modulus at this minimum is

2. Experimental
Five linear, monodisperse 1,4-polybutadienes (PB; 9.3 ± 0.2%
vinyl content) were synthesized using butyl lithium as the initiator;
molecular weights from SEC were in the range from 4.8 to 138 kg/
mol. The glass transition of the PB was 98.0 ± 0.2  C (calorimetric
midpoint), except for the lowest molecular weight, for which
Tg ¼ 101.5  C. These polymers were blended to give constant Mw
or Mn samples with varying degrees of molecular weight polydispersity (Table 1). Representative molecular weight distributions
are shown in Fig. 1. Selected monodisperse samples were fractionated and the rheology measured, in order to verify the absence
of any high molecular weight “tail” that might not be detected by
SEC.
Networks were prepared using 2 phr dicumyl peroxide and
curing at 130  C. Free radical reaction of polybutadiene yields high
functionality crosslinks with negligible chain scission [64,65]. The
high degree of interspersion of the chains precludes signiﬁcant
intrachain loop formation.
Mixtures were prepared by blending aliquots of the monodisperse PB in methylene chloride. The error in the molecular
weights (Table 1) was about 0.5%, governed by the reproducibility
of the SEC measurements. Dynamic mechanical measurements
employed an Anton-Paar 502, using a 25 mm diameter parallel
plates. Steady shearing experiments were carried out using a cone

Fig. 1. Molecular weight distributions of four PB having the same Mn, with the polydispersities indicated. The ordinate is the SEC (refractive-index) detector response, the
values of which were normalized to equal peak areas. For the more polydisperse
samples, the peak molecular weight is much greater than the number average value.
Note the abscissa scale is logarithmic.
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Fig. 2. Arctangent of the loss versus the complex modulus for the PB. At lower values
of G* (lower frequencies) the data group according to whether the polydispersity is
near unity or larger. For the latter Mw ¼ 95 kg/mol.

close to the plateau modulus [67,70], although the particular value
herein is MWD dependent, varying from 0.53 to 1.21. This very
broad range encompasses the literature value, G0N ¼ 1.13 ±
0.03 MPa, determined for monodisperse, entangled PB from
(truncated) integration of the loss modulus [16].

G0N ¼

2
p

Z∞

00

G ðuÞd ln u

(4)

∞

from eq. (4), G0N ¼ 1.12 ± 0.06 MPa for the monodisperse PB herein.
Except at lower frequencies, the van Gurp plots for the monodisperse PB coincide, while the data for the polydisperse samples
show more divergence. Interestingly, the breadth of the MWD does
not affect the latter behavior. These data are thus consistent with
the suggestion [67] that van Gurp plots can be used as a qualitative
tool to distinguish narrow and broad MWD, even when the latter
are bi- or polydisperse. This behavior is due to the smearing out of
the terminal zone for broadened molecular weights, so that there is
less intensity in the loss modulus, resulting in smaller phase angles
on approach to the plateau zone.
The Newtonian viscosities obtained as the limiting values at low
frequencies are displayed versus weight average molecular weight
in Fig. 3. Included are literature data [71] for PB of similar microstructure. There is good agreement between the data sets, with a ﬁt
to all data for Mw > 6380 g/mol (≡ Mc, the characteristic value at
which the dependence of the viscosity on Mw becomes nonlinear
[72]) yielding h0 ~ M3.3
w . This exponent is in accord with the literature for strictly monodisperse PB [71]; in fact, it is hard differentiate
in this plot PB having equivalent Mw but different polydispersities.
However, as shown in the inset, in which the viscosities for the ﬁve
samples with Mw ¼ 95 kg/mol are plotted on expanded scales,
polydispersity increases the viscosity, as must be the case given the
nonlinear dependence of h0 on chain length.
Various equations have been proposed to account for polydispersity. The viscosities of the PB having Mw ¼ 95 kg/mol are
plotted in Fig. 4 according to an empirical expression [73].


a
h0  Mw

Mz
Mw
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Fig. 3. Zero-shear rate limiting value of the viscosity as a function of weight average
molecular weight: monodisperse PB (dotted circles), polydisperse PB (stars), and
monodisperse PB adjusted to 30  C from Ref. [71] (circles). The dashed line is the ﬁt
3:3 , and the arrow indicates M . The inset shows the
(offset for clarity) yielding h0 ~ Mw
c
data for Mw ¼ 95 kg/mol on expanded (linear) scales, indicating the increase in h0 with
increasing polydispersity. Fitting the data for the monodisperse samples only, yields
3:3 .
the same dependence, h0 ~ Mw

The viscosities for the polydisperse samples conform well to this
equation (R > 0.99). Alternative expressions have been proposed to
account for polydispersity [73,74].
a
h0  Mw



Mw 0:84
Mn

(6)

and from the original Doi-Edwards tube model prediction of an M3
dependence for monodisperse polymers [75].

h0  Mw Mz Mzþ1

(7)

The latter both describe the present data almost as well
(R > 0.95) as eq. (5), although eq. (6) has an additional parameter
and eq (7) involves a higher order average of the molecular weight,
the measurement of which is more uncertain.
The shear thinning of the viscosity manifested at higher shear
rates is an important characteristic of polymeric materials, affecting


(5)

The only adjustable parameter, the value of the exponent
a ¼ 3.3, is obtained from ﬁtting data for the monodisperse samples.

Fig. 4. Zero-shear viscosities of the entangled PB, both monodisperse (dotted circles)
and polydisperse (stars) plotted in the form suggested by eq. (5). The correlation coefﬁcient is indicated.
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processibility. It is well known that broadening the molecular
weight distribution weakens the shear-rate dependence [16,18,76],
and one of the motivations for using broad MWD polymers is to
make the ﬂow more homogeneous with less melt fracture. Higher
moments of the polydispersity than Mw/Mn are reputed to govern
the shear thinning behavior [77,78]. There are two distinct aspects
of shear thinning: the crossover region at shear rates just beyond
the Newtonian regime and the well-developed power-law at higher
rates or frequencies.

_  um
hðgÞ

(8)

The shear rate or frequency associated with departure from
Newtonian behavior decreases with polydispersity, broadening the
crossover regime, and while the available data are limited, the
magnitude of the exponent m seems to increase with decreasing
MWD [16,18]. Herein we evaluate shear thinning of the dynamic
shear viscosity, h*(u), because steady ﬂow at shear rates beyond the
Newtonian regime resulted in edge fracture. Fig. 5 shows h*(u)
versus frequency for a mono- and bidisperse PB, each having the
same Mw. For the polydisperse sample there is a larger reduction in
viscosity with frequency, and the transition to a non-Newtonian
frequency-dependence occurs over a broader range of u. At
higher frequencies the broader MWD sample has a lower viscosity
than the monodisperse PB, opposite from the behavior in the
Newtonian region. The shear thinning of the two PB is very similar
in the power-law regime, dlogh*/dlogu ~ um with m ¼ 0.89 ± 0.01.
This exponent is very close to literature values for PB of comparable
molecular weight [79]. Although the shear thinning slope is
essentially invariant to polydispersity, m does depend on molecular
weight, as shown in the inset to Fig. 5.
Also included in Fig. 5 are the viscosities calculated using the
Gleissle equation [80].



_ 
lim hþ ðt; gÞ
_
g/0

t 1 ¼g_

_
¼ hss ðgÞ

(9)

where hþ is the transient viscosity, g_ is the shear rate, and t

represents the time prior to the onset of steady state ﬂow. In
combination with the Cox-Merz rule [81]

 *

h ðuÞ

_
¼ hss ðgÞ

(10)

viscosities in principle can be obtained over a wide range of frequencies or shear rates, using only data obtained at low, Newtonian
rates. Although the accuracy of these relations has been found to be
good for some materials [82e84], eq. (10) signiﬁcantly underestimate the h*(u) in Fig. 5. Over the limited range of Newtonian
behavior, on the other hand, the dynamic and steady viscosities are
equivalent for both for both the mono- and bidisperse PB, in accord
with eq. (10).
The steady state recoverable compliance, Js, is a measure of the
elastic deformation associated with ﬂow. The most straightforward and reliable measurement of Js is by creep-recovery experiments, in which conﬁgurational reorientations and viscous
ﬂow contribute additively. Thus, the ratio of the stress-free recovery following steady-state creep divided by the stress during the
creep deﬁnes the recoverable compliance. The value at small strain
rates, Js0 , is the most unambiguous quantity; however, no commercial creep rheometer can measure this linear or “equilibrium”
value because their inherent torque induces sample motion that
overwhelms the actual recovery. Consequently, Js0 data in the
literature are quite sparse. With the exception of polystyrene, for
which Js0 has been measured directly using a custom apparatus
having very low internal friction [85], the data in the literature were
obtained from the limiting value at low frequency of the storage
modulus,

Js0 ¼ h2
lim G0 ðuÞu2
0
u/∞

(11)

Given the low magnitude of G0 at very low frequencies, application of eq. (11) requires an instrument with negligible compliance and exceptional angular resolution. An alternative method,
only applicable to polymers of low enough Mw that ﬂow can be
induced without fracture, is from the normal force during steady
shearing.

Js0 ¼

Fig. 5. Dynamic viscosity versus frequency rate for a monodisperse PB (circles) and the
most polydisperse sample (squares) having the same weight average molecular
weight; symbols with internal crosses are shifted data measured at 40  C. Steady
shear data (stars) were limited to the Newtonian regime because of edge fracture;
these agree with the dynamic data. The dashed lines represent the viscosities calculated using the Gleissle relation; they are seen to diverge sharply from the measured
dynamic viscosities. The inset shows the shear thinning index as a function of molecular weight for monodisperse PB (dotted circles); there is a barely signiﬁcant increase in m (eq. (8)) with polydispersity at constant molecular weight (squares).

_
g¼u

J1;0
2h20

(12)

where J1,0 is the ﬁrst normal stress coefﬁcient (the subscript zero
implying the terminal value).
The available literature indicates that Js0 becomes constant at
sufﬁciently high molecular weight. This is illustrated in Fig. 6, in
which are collected values of Js0 for three polymers [86e91]. The
abscissa is Mw divided by Mc [72], showing that Js0 becomes independent of molecular weight at a high value of Mw  Mc. (Omitted
from Fig. 6 are literature results for the recoverable compliance of
PB [29,92,93]. A detailed study using creep-recovery measurements
carried out on a magnetic-bearing instrument [94] will be reported
in the future.) Although the available data are sparse, it is believed
that Js0 increases with polydispersity [95,96], even in the high
molecular weight regime. If correct, this is an anomaly - a property
that does not depend on chain length is affected by the distribution
of chain lengths [16].
The recoverable compliance of the PB having Mw ¼ 95 kg/mol
were determined from steady state shear measurements using eq.
(12). This molecular weight is about 15 times Mc [72], so Js0 should
be independent of molecular weight, at least for the monodisperse
polymer. At the low shear rates associated with Newtonian
behavior, however, J1,0 cannot be measured accurately enough to
obtain a reliable determination of Js0 . Thus, in Fig. 7 are plotted the
recoverable compliance for a range of shear rates beyond the
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reaction corresponding to equality of the storage, G0 , and loss, G00
moduli [55], and from frequency-independence of the loss tangent
[55,60,62]. Either of these behaviors is only observed over a limited
range of frequencies, and thus can be arbitrary. Near the gel point
the dynamic response has the form of a power-law
00

G0 ðuÞfG ðuÞ  un

Fig. 6. Steady state recoverable compliance as a function of molecular weight,
normalized by the value at which the viscosity dependence on Mw becomes nonlinear:
polystyrene (circles) [86,87]; 1,4-polyisoprene (triangles) [88e90]; and polyvinylethylene (diamonds) [91]. Above Mw/Mc z 2e4, Je becomes constant.

(13)

[55,59], although such behavior is not observed in the absence of
formation of large, self-similar hyper-branched structures [98]. The
slope (0 < n < 1) is affected, inter alia, by the network junction
functionality [61] and the stoichiometry of the crosslinking reaction [57]. This power-law behavior may extend over a few decades,
but at very low frequencies the storage modulus assumes the
limiting value for a solid (G’~constant) or liquid (G’~u2).
Herein we determined the gel point using an analysis originally
developed by Charlesby and Pinner [99,100] for the radiation
crosslinking of polymers. By monitoring the gel fraction as a function of radiation dose, R, the gel point is determined from

.
S þ S1=2 ¼ A þ ð2  AÞRgel R

(14)

terminal regime. (Note the increasing uncertainty in the data at
lower shear rates; the measurements are limited at high rates by
the need to avoid edge fracture.) It can be seen that Js has no signiﬁcant dependence on MWD at constant Mw. This is at odds with
the suggestion [95,96] that polydispersity causes an marked increase in Js0 .

in which Rgel is the gel dose and A is a constant. Thus, a plot of the
left-hand-side of eq. (14) versus inverse dose extrapolates to Rgel at
S þ S½ ¼ 2. For chemical crosslinking, the cure time, t, is substituted
for R

3.2. Gelation

with tgel representing the time to achieve gelation. (The method of
Charlesby and Pinner assumes a constant rate of crosslinking,
which is not strictly true for the peroxide reaction herein, which
follows ﬁrst order kinetics.)
Our data for the PB having Mn ¼ 24 kg/mol are plotted in the
lower panel of Fig. 8, along with the ﬁts of eq. (15). For the
monodisperse sample, direct proportionality of SþS1/2 and inverse
cure time is observed. The obtained gel points for all samples are
listed in Table 2. Of course, increasing molecular weight reduces the
reaction time required for network formation. MWD also reduces
tgel; from the monodisperse case (Mw/Mn~1) to the most polydisperse system (Mw/Mn~5), there is a sixfold reduction in the
extent of crosslinking at the gel point.
A second extrapolation method was used based on the numberaverage crosslinks per chain, z, given by Ref. [101].

Gelation refers to the liquid-to-solid transition, associated with
qualitative differences in properties on either side of the gel point
[97]. Upon gelation the polymer becomes insoluble as the shear
viscosity becomes asymptotically large [48]. There are semiquantitative methods to determine the gel-point from viscosity
measurements (e.g., ASTM D2471), and in principle the gel point
can be deduced by extrapolation to a divergent h. The opposite
approach is also possible, estimating the gel-point from the diminution of the equilibrium modulus with reduction in crosslinking.
Empirical gel points have been deﬁned from the extent of

.
S þ S1=2 ¼ A þ ð2  AÞtgel t


.
z ¼ B S1=ðBþ1Þ  1 ð1  SÞ

Fig. 7. Steady state recoverable compliance of PB (Mw ¼ 95 kg/mol) as a function of
shear rate. The rates are higher than the limiting value associated with Newtonian
behavior. The open symbols were measured on the TA ARES; the hatched symbols on
the Anton-Paar 702. Any effect of MWD on Js is less than the scatter in the data.

(15)

(16)

where B ¼ Mn/MwMn. This crosslink density is plotted versus cure
time (upper panel of Fig. 8), showing the expected linear relationship. For the monodisperse PB, the time at which z is unity
corresponds to the gel point; i.e., zgel ¼ 1. As seen in Table 2, these
gel points are in excellent agreement with the tgel determined from
eq. (15). For the polydisperse samples, z < 1 at the gel point.
However, we can use eq. (16) to obtain the value of zgel from the tgel
determined from eq. (15); these results are listed in Table 2. There is
a substantial, systematic decrease in the average crosslink density
at the gel point with increasing MWD, consistent with the reduction in tgel with polydispersity.
It has been reported that during crosslinking, a double logarithmic plot of the modulus versus gel fraction will have a slope
near unity [102].

G0  ð1  SÞa

(17)
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Fig. 8. (Bottom) Soluble fraction data versus cure time; the lines are the ﬁts of eq. (15),
with the extrapolation to a value of 2 yielding tgel. (top) Number of crosslinks per chain
(determined from eq. (16)) versus cure time; linear extrapolation to z ¼ 1 yields the gel
point for monodisperse samples. In both panels, solid symbols denote monodisperse
PB, and hollow symbols are Mn ¼ 24.4 kg/mol samples with broad MWD. Curing was
carried out at 130  C.

As shown in Table 2, this is approximately true for the polydisperse PB, but not for the monodisperse samples. Thus, eq. (17) is
not generally useful for gel point determinations. However, the gel
points obtained from eqs. (15) and (16) enable assessment of other
methods that rely on the dynamic mechanical properties during
curing. In Table 2 are listed the cure times at which G’ ¼ G”. As can
be seen this provides a rough estimate of tgel, with the error
increasing with increasing polydispersity.
Measurements carried out during cure are limited to higher
frequencies because the sample is reacting. As an alternative to
extend the frequency range, samples were cured for a time equal to
the tgel determined from eq. (15) (Table 2), then quenched to
ambient temperature. The dynamic mechanical response was then
measured. As seen in Fig. 9, for all samples power-law behavior is
limited to about one decade; moreover, the respective slopes for
the loss and storage moduli are not equivalent. Generally, the
steepness of the curves increases with frequency and decreases
with polydispersity.
The data in Table 2 show that the time to reach the gel point
decreases with increasing polydispersity. The effect of MWD on

Fig. 9. Dynamic moduli of PB (precursor Mw ¼ 24 kg/mol with the indicated polydispersity) reacted to the gel point then quenched. Power-law behavior is limited to
narrow spans of frequency; the numbers are the slopes at either end of the measured
range.

gelation has been addressed by Miller and Macosko [49], who
derived expressions relating the structure to the crosslinking. For
systems in which each repeat unit is capable of forming a network
junction, the fraction of reacted units at gelation is

ac ¼ ½jðMn =m0  1Þ1

(18)

where m0 is the repeat unit molecular (¼54 g/mol for PB). For a
monodisperse molecular weight distribution, j ¼ 1, and gelation
corresponds to acMn ¼ 1, a result originally due to Flory [48]. For a
broad MWD, gelation is sometimes taken to correspond to one
crosslink per weight average chain [103], but in general this is not
correct. When there is a distribution of chain lengths, the value of j
(and hence the gel point as discussed above) depends on the distribution. For a Schulz-Zimm MWD, j ¼ 1.3; for a most probable
distribution, j ¼ 2 [49]. For our polydisperse system, we treat j as an
adjustable parameter to ﬁt the measured tgel. To calculate the
relative gel times from ac, we assumed the peroxide is depleted in
proportion to exp(t). The results for the number of crosslinks per
(number average) chain at gelation, zgel, are listed in Table 2. These
results are in good agreement with the analysis using eq. (16).

Table 2
Gelation results.
Mn

MWD

Gel point (minutes)
½

S þ S ¼ 2 [eq. (15)]
129,000
88,400
45,600
24,400
24,500
24,400
24,400

1.07
1.07
1.05
1.06
2.14
3.65
4.95

3.1
4.9
18
36
18
8.6
5.7

±
±
±
±
±
±
±

0.5
0.6
3
6
3
0.4
0.3

a (eq. (17))
z ¼ 1 [eq. (16)]
3
5.4
19
37
e
e
e

±
±
±
±

1
0.5
4
7

0

00

G ¼ G (10 rad/s)
3.4
4.3
19.8
48.9
17.3
5.1
3.6

±
±
±
±
±
±
±

0.1
0.1
0.2
0.1
0.1
0.3
0.4

3.0
0.86
2.1
3.3
0.90
0.85
0.88

±
±
±
±
±
±
±

0.3
0.08
0.4
0.3
0.16
0.14
0.15

zgel
eq. (16)

eq. (18)

1.1
0.95
0.89
0.95
0.51
0.27
0.16

1
1
1
1
0.50
0.24
0.16
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4. Conclusions
Studies over many decades have established that for rubbery
polymers and to a lesser extent for plastics, the molecular weight
and its distribution exert a signiﬁcant effect on certain properties.
In this work chain length distributions were discontinuous, rather
than merely broad; our main results for these materials are as
follows:
i. Although Mw is the main parameter governing the zeroshear viscosity, the MWD exerts an effect quantitatively
predicted using an empirical relation, eq. (5), that includes
Mz [73].
ii. At higher shear rates the non-Newtonian viscosity shows
power-law behavior with a shear-thinning exponent that is
essentially independent of MWD. However, the decrease of
the viscosity from the Newtonian plateau at low u is greater
for polydisperse samples, and the transition at higher rates to
a power-law occurs over a broader frequency range; this
smearing out of the transition underlies the improved processability of polymers having broad MWD.
iii. The steady state compliance measured at rates beyond the
terminal zone did not show the reputed anomaly of a MWDdependence for molecular weights for which Js0 is Mwinvariant.
iv. Mono- and polydisperse samples can be distinguished in
dynamic measurements by the different relationship of the
phase angle to the complex modulus (van Gurp plots [66]).
However, the empirical Gleissle relation signiﬁcantly underestimates the non-Newtonian viscosities.
v. It is well known that MWD affects gelation of polymers, with
the gel point achieved for lower degrees of crosslinking as
MWD increases. The effect of network formation on the dynamic mechanical properties depended on the molecular
weight and its distribution, and thus was not useful in
determining the onset of gelation. The only method of gel
point determination found to be applicable herein was from
extrapolation of the soluble fraction of samples cured beyond
tgel. The number of crosslinks per chain necessary for formation of a gel varied from unity for monodisperse PB to a
value as low as 0.16 for Mw/Mn ~5. Different methods used
herein to analyze the gelation data gave consistent results.
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